In South Korea, landslides are caused by localized heavy rainfall and typhoons, which often occur in the summer season at natural slopes in mountainous areas and artificial slopes in urban surroundings.
Introduction
The increasing human activities have brought changes in the topography, with mountainous areas being developed into living spaces with facilities and residences. This caused more natural disasters in the developed mountains and their surroundings, such as slope failure, landslide, and debris flow. Areas that experience landslides sharply increased from 289 ha in 1970 to 713 ha in 2000, exponentially raising the costs for restoration [1] .
In particular, the large landslides that occurred during the summer season (July to August) of 2011 in the mountainous areas in a city center of Seoul and the nonurban area of Chuncheon, Gangwon-do, caused a range of damages on human life and asset. Umyeon Mountain in Seoul, the capital of South Korea, experienced landslides brought by localized heavy rainfall that buried roads and apartment buildings in the mountain's surrounding and caused 13 losses of life [2, 3] . In August of the same year, a heavy rainfall in Chuncheon that led to landslides on the upper part of natural slides at the road used for entrance to the Soyang River Multipurpose Dam resulted to destroying houses and caused 40 casualties. As shown in these cases, landslides in Korea are concentrated from July to September, when the summer season's typhoons and localized heavy rainfall frequently occur, costing numerous lives and assets [4] .
Landslides on natural slopes occur mainly because of localized heavy rainfall that leads to the increasing weight per unit of the components and the decreasing resistance on failure surfaces. Therefore, rainfall is the most major factor with an influence on the occurrence of landslides. Aside from rainfall, other factors include topography, geology, soil characteristics, earthquakes, and vegetation [3, [5] [6] [7] [8] .
In general, the saturation of soil layers with increasing pore water pressure and percolating water during localized rain are known as the triggering factors for landslides caused by typhoons or heavy rainfall [9] [10] [11] [12] [13] . Soil layers of natural slides collectively refer to the unconsolidated substances that include weathered rocks, coarse fragments, and earth and sand. The pore water pressure increasing with rainfall reduces the effective stress of soil layers and the shearing strength, ultimately leading to collapse [14] [15] [16] [17] [18] .
Out of the different factors of topography, the inclination of natural slopes determines the geometrical shapes of the slope, which causes slope failure. Therefore, inclination is an important factor that causes landslides. Meanwhile, earthquakes bring about a temporal change of intensity in the bedrock and weaker cohesiveness in soil layers to result in landslides. Moreover, other important factors that cause landslides could be observed depending on geological materials that constitute a slope, including weak slope materials, weathered rocks, shearing and jointing actions, and unfavorable discontinuous faces (foliation, fault, facing surfaces such as unconformity planes) [19] [20] [21] .
In the case of natural slopes, topsoil layers, which are located on the rock formation, is mostly formed with the bedrock being weathered. The physical and engineering properties of the layers vary with the weathering degree and geological conditions [22, 23] . Furthermore, they show relevance with the geology of areas where landslides occur. Residual soil and soil sediments have different properties depending on the mineral constituents of rocks in landslide areas, as they are formed by the weathering of rocks.
Materials that compose slides are one of the most significant factors in understanding the failure mechanism as they are the material of the collapse of the landslide itself. In most cases, landslides on natural slopes occur from the topsoil layers of the upper level that cover the bedrock. Therefore, it is particularly important to understand the physical and engineering properties of the constituents of the topsoil layers, which are residual soil and colluvium [24, 25] . Furthermore, the permeability and the shearing strength characteristics of the ground that forms the natural slide must be considered. It is also crucial to reflect physical and chemical properties and permeability as well as the shearing strength of the ground. As there is a wide range of factors that cause landslides, and the ground characteristics vary with such factors, its permeability has a close relation to slopes' stability that continues before an episode of landslide and the transformation that occur before and after the collapse. In particular, stress variation on saturated and unsaturated grounds is an important factor in estimating the safety level of slopes.
Shear characteristics are considered an influencing factor necessary to evaluate the stability of slopes and the diffusion of debris flows. They have different stress-transformation properties depending on control conditions such as drainage, consolidation, and shear speed. Meanwhile, strength characteristics depend on stress history, interaction between particles, bonding force, structure, anisotropy, and porosity [26, 27] .
In this study, gneiss and granite distributed areas of different geological features that experienced landslides were selected as study areas. Based on the field survey results, the study analyzed the precipitation patterns, topographical conditions, and geometrical features that are highly linked to landslides. In addition, soil samples were extracted from soil layers at the upper part of the bedrock, where landslides occurred, to conduct a soil test and analysis to evaluate physical characteristics that make a difference between outbreak and non-outbreak of landslides. In particular, this study aimed to identify soil factors that have close relations to landslides by geological features using statistical analysis. Finally, based on the physical data of soil factors, the study proposed a model to estimate permeability coefficient and shearing strength, which are known as the influence factors of landslides.
Methodology

Soil physical properties of landslide areas by geological feature
To evaluate flow-type landslides caused by localized heavy rains in Korea, it is important to understand the topography and nature of soil materials composing the surface of slope based on rainfall data. Therefore, data of landslides that occurred in the study areas were collected and various geological features related to landslides statistically analyzed. A correlation analysis was also conducted on gneiss and granite areas to discover whether there are differences or distinctions of soil characteristics in landslide areas according to geological conditions. In addition to analyzing soil correlations, estimation models of permeability coefficient and shearing strength, which are the main soil constants related to landslides using only the soil characteristics, were developed. As such, a series of research methods and contents performed in this study are shown in Figure 1 .
The selected sites for this study are the areas with different geological features that experienced multiple landslides because of localized heavy rainfall during the same period. As such, the gneiss area of Yangju, Gyeonggi-do and the granite area of Sangju, Gyeongsangbuk-do were selected in South Korea. Within these sites, 76 landslides occurred in the gneiss area and 99 in the granite area. Soil samples were collected from landslides and non-landslides, and soil physical characteristics were analyzed for each geological features.
Statistical analysis on landslide-triggering factors by geological feature
The permeability test in landslide studies is conducted to find the coefficient of permeability through constant and variable head permeability test on saturated sample and unsaturated permeability test on the unsaturated sample. The shear test determines the permeability and shear characteristics of the slope by obtaining the cohesive force and the internal friction angle by triaxial test, ring shear test, and direct shear test. In particular, the stability of a slope is decreased sharply when the soil layer is almost saturated with water content and reaches the maximum shear stress, which leads to collapse.
However, it is not easy to reproduce the permeability coefficient and shear strength characteristics of the soils corresponding to the landslide conditions considering different geological features. Because of these difficulties, studies rely on permeability coefficient characteristics at saturation and shear strength characteristics obtained at extremely limited shear rates. In particular, the greatest advantage of the direct shear test is that the shear strength properties of the soil can be identified relatively, accurately, quickly, and easily compared to other test methods.
As such, the test methods for measuring the permeability coefficient and shear strength, which are the main soil constants in the soil characteristics of landslide areas, are more complicated than the basic physical properties tests and require an expert's skill. To understand the soil characteristics and identify the destruction mechanism in the landslide area, permeability coefficients and shear strength constants For this, correlation and regression analysis were used as statistical methods in this study. Correlation analysis is widely used as a traditional statistical method to analyze the correlations between independent and dependent variables. It evaluates the presence or absence of a linear relationship between two variables. Therefore, the main purpose of correlation analysis is to verify if a relationship exists, not to find out what functional relations there are between the variables. However, there are often cases where one wants to predict the value of a variable from other variables. In this case, regression analysis can be used, which is a statistical analysis method that estimates a mathematical model from the data or makes a correlation through statistical inference.
In correlation analysis, correlation refers to the variation, degree, and direction of the relationship between two or more variables. Correlation analysis predicts the change of scale and direction of other variables as one variable increase or decrease. As such, the correlation is determined by how much of the variance (variate) of one variable changes as other variables' variance change, which is the covariance (covariate). Another important factor in correlation analysis is the correlation coefficient, which is an index that summarizes the degree and direction of a relationship between variables with a single numerical value, an absolute value between 0 and 1. The closer the correlation coefficient is to 0, the lower the correlation, and the closer to the absolute value 1, the higher the correlation.
In correlation analysis, the correlation coefficient can be used to determine the degree of relationship between two variables, but it is difficult to know the exact relationship between the variables. On the other hand, regression analysis is a method used to predict values, which is often a way to understand the extent and direction of one or more variables affecting another variable and analyze how the dependent variable changes as the independent variables change. It is also used to analyze the effect on the change of the dependent variable (Y) caused by the independent variable (X) and find the values of the slope B and the Y-intercept A. Once the values of B and A are determined, and the regression equation is obtained, it can predict the value of Y with the value of X.
In this study, statistics-based estimation models (SEMs) were developed by applying correlation analysis and regression analysis, which are statistical methods to analyze the correlation between independent and dependent variables. RMSE is the square root of the mean of the squared error between the value predicted from an estimate or model equation and the value observed in a real environment.
It is a method to check the difference between the predicted value and the actual experiment and observation results. Furthermore, the correlation and suitability of the statistics-based estimation model (SEM) results and direct test results were evaluated.
Results
Landslide pattern
The study areas are composed of two different major geological types: one is the Yangju area of Gyeonggi-do, which is a gneiss area, and the other is the Sangju area, Gyeongsangbuk-do, which is a granite area in Korea. Most of the landslides in these areas occurred during the heavy rains in early August, with 175 sites including 76 sites in gneiss and 99 sites in granite area. Figure 2 shows the location of landslides in the study areas as well as the geological distribution of these areas. In Yangju area, Gyeonggi-do, the destruction patterns of landslides in gneiss areas started with transitional slides and changed into flows as the landslide materials move to the lower slope. Thus, it was found that the transition type plane destruction occurred on a relatively flat slope, and the destroyed materials moved downward, mixed with the surrounding materials, and transformed into the shape of debris flow, flowing down the V-shaped valley. Moreover, a shallow solum was found to consist of residual soil and colluvial soil collapsed along with the interface with the bedrock.
In Sangju area, Gyeongsangbuk-do, the granite area, granite is widely distributed, and sedimentary rocks are partly distributed. Landslides occurred over a wide area but had a higher frequency in granite areas. Moreover, landslides in this area were found to be mostly transitional, most of which were relatively shallow at depths of less than 1 m, with the upper soil layers consisting of residual and colluvial soils that collapsed along the boundary with the bedrock. It was also shown that the landslide material moved to the bottom of the slope and changed into a flow. Overall, landslide patterns were found to be similar to gneiss areas.
Landslide scales
Landslide patterns in the study area mostly changed from transitional-type landslides to flow-type landslides. Transitional-type landslides were largest in the granite area, which was about 98%, while it was about 75% in the gneiss area. In particular, most of the transitional-type landslides in the granite area showed a shallow collapse formed along with the interface with the bedrock. Subsequently, the collapsed soil material developed into a flow slide down the slope. More than about 88% of landslides in the study area were found to have occurred within a meter of depth because landslides usually occur in areas with low slopes, and outcrops are well developed on slopes at higher elevations, resulting in relatively low rates of landslides. In addition, the depth of landslides is considered to be shallow because the destruction occurs at the boundary between the shallow top layer consisting of residual and colluvial soil and the bedrock.
Soil characteristics of landslide and non-landslide
Comparing the soil particle size characteristics between landslide and non-landslide areas, the soil layer in the landslide area is known to have a finer soil particle and a smaller liquid limit than the nonlandslide area [29, 30]. Soil particle size distribution is an important factor in landslides. In the case of flow-type landslides, soil particle size analysis is performed, and if it contains 20%-80% of particles of 2 mm or more in diameter, it is classified as rock flow. On the other hand, if it contains 80% or more of particles less than 2 mm in diameter, it is classified as soil flow [14] . Figure 4 shows the particle size test results for soil samples in different geological feature of the study area, categorized into landslide and non-landslide areas in the soil particle size distribution curve. In the gneiss area, the soil particle size distribution curve is moderately inclined in general, and coarse and fine-grained soil are moderately mixed. The uniformity coefficient is in the range of 5 to 40, and the curvature coefficient is in the range of 1 to 3, satisfying the qualifications for well-graded soil gradations.
In addition, it was found that the soil particle size of landslide areas is distributed more evenly, and the non-landslide area has similar distribution aspects of soil particle size.
In the granite area, the soil particle size distribution curve shows a moderate slope, and the mixing ratio by particle size is good. Moreover, the uniformity coefficient is in the range of 2 to 33, and the curvature coefficient is in the range of 1 to 3, showing that the soil can be deemed as well graded. In particular, the granite area showed the same particle size distribution pattern regardless of landslide or non-landslide areas. Table 1 shows the soil constants for the soil layers of landslides in gneiss and granite areas. The liquid limit showed a similar tendency, whereas the plastic limit of soil surface was found to be higher in the gneiss area than the other. The plastic limit is a property that is directly related to the content of clay particles in the particle size distribution of the soil layer, which is consistent with the result that the gneiss area shows a higher content of fine-grained soil than the granite area.
Soils in the granite region had the highest permeability coefficient, followed by gneiss regions with the smallest permeability coefficient. On the other hand, this phenomenon can be seen to be affected by the soil characteristics such as soil particle size distribution, roughness, and structure of the soil particles, and geological properties such as weathering or sedimentation environment.
Developing an statistics-based estimation model (SEM) for landslide-triggering factors by geological feature
To develop a statistics-based estimation model (SEM) estimating the permeability coefficient and shear strength (cohesion and internal friction angle), which are considered to be the major landslidetriggering factors, correlation analysis was conducted using various soil physical property tests and analysis data on soil samples collected in the study area. Then, soil physical parameters related to permeability coefficient were selected, and using the selected soil physical parameters and the permeability coefficients determined through permeability tests, the study developed a statistics-based estimation model (SEM) for estimating permeability coefficient through a series of regression analysis.
Likewise, a statistics-based estimation model (SEM) for estimating shear strength was developed by a series of regression analysis on cohesion and internal friction angle data obtained from direct shear test and soil physical parameters selected from the correlation analysis. Figure 5 shows the flowchart of the development of statistics-based estimation models (SEMs) for each geological feature (gneiss and granite) in study area.
Statistics-based estimation model (SEM) of permeability coefficient
To select soil physical properties significant to permeability coefficient, the soil physical properties of 16 items of each sample obtained from the test results were analyzed by the Pearson correlation analysis. As shown in Table 2 , the Pearson correlation coefficient (r) and the significance (F) can quantitatively explain the correlation. As such, the Pearson correlation coefficient, regardless of negative or positive, the larger the number is, and the closer the significance is to 0, the higher the correlation. Furthermore, a negative correlation coefficient shows an inversely proportional relation, while positive means a directly proportional relation. Table 3 , the soil physical properties with high significance for the permeability coefficient showed a high correlation in order of effective diameter, uniformity coefficient, and void ratio, which are the three soil properties with the highest level of correlation to permeability coefficient. Therefore, these soil physical properties were selected as independent variables for the regression analysis.
As shown in
Using a two-step process selecting the soil physical properties related to the permeability coefficient from the correlation coefficients determined through the correlation analysis, subsequently performing a regression analysis, more accurate correlations were able to be found, and the contribution of each soil physical property related to the permeability coefficient is represented numerically as a regression model.
From the correlation analysis, simple regression analysis with permeability coefficients calculated in
the permeability test using effective diameter, uniformity coefficient, and the void ratio was performed to develop statistics-based estimation model (SEM) of soil.
According to the regression analysis results for gneiss and granite areas of the study area, variance analysis, which is a measure of the accuracy of the model, has a significant probability of P = 0.000, and the R-square representing explanatory power is about 83% in gneiss soil, about 93% in granite soil, which can be considered that the regression model is suitable. Based on this, the statistics-based Where, kgn is permeability coefficient of a gneiss soil, kgr is permeability coefficient of a granite soil, D10 is effective diameter, e is void ratio, and cu is uniformity coefficient, individually.
Statistics-based estimation models (SEMs) of shear strength
As a model to estimate the shear strength of soil by different geological feature, correlation analysis was performed using various soil physical property tests and analytical data on soil samples collected in the study area in the same way as the estimation of permeability coefficient. Similar to the correlation analysis of permeability coefficient, Pearson correlation analysis was conducted on the soil physical properties of 16 items to select soil properties that are significant for shear strength with cohesion and internal friction angle. Pearson's correlation coefficient and significance were obtained for cohesion and internal friction angle of soil, as shown in Table 4 .
Soil physical properties with high significance level for cohesion in gneiss soils were analyzed to be fine grain content and uniformity factor. Therefore, the fine-grained soil content and uniformity coefficient, which have the highest level of significance to cohesion, were selected as the independent variables for the regression analysis. Soil properties with high significance for internal friction angle in the gneiss soil layer were analyzed as void ratio, saturation unit weight, and dry unit weight. However, as the saturation unit weight and the dry unit weight are proportional to each other, only the void ratio and the dry unit weight were selected as independent variables to be applied to the regression analysis to simplify the model.
The properties of high significance level to cohesion in granite soils were found to be in the order of fine-grain soil content, saturation, effective diameter, and uniformity coefficient. Among these soil properties, the significance of equality coefficient was 0.086, which is greater than 0.05, a significant level from a statistical point of view, that led to exclude equality coefficient from the model, and added the degree of saturation and effective diameter.
Finally, to simplify the statistics-based estimation model (SEM), only fine-grained soil content and saturation degree were selected as independent variables for the regression analysis. Soil physical properties with equally high significance level for internal friction angle in granite soil were void ratio, dry unit weight, wet unit weight, and saturated unit weight. Therefore, to simplify the model and be consistent with the gneiss model, void ratio and dry unit weight were finally selected as independent variables for regression analysis.
As shown in Table 5 , a simple regression analysis of the soils by geological feature was used to derive the ground variables with high correlations between the soil physical properties to make a statistics- Where, cgn is cohesion of gneiss soil, φgn is internal friction angle of gneiss soil, Fines is fine-grained soil content, cu is uniformity coefficient, rd is dry unit weight, and e is void ratio, respectively.
The result of the regression analysis of the cohesion model for the gneiss soil showed a very good probability of P = 0.000, and the R-square about 92%.
In the case of the internal friction angle, the probability of variance analysis showed P = 0.000, and the R-square about 70%. Finally, the statistics-based estimation models (SEMs) for estimating the cohesion of granite soils is as shown in Equation ( Where, cgr is cohesion of granite soil, φgr is internal friction angle of granite soil, Fines is fine-grained soil content, S is degree of saturation, rd is dry unit weight, and e is void ratio, respectively.
Discussion
Validation of permeability coefficient estimation model
To As a result of verifying the significance of the estimation model developed with RMSE as shown in Table 6 , the root of mean square error of the permeability coefficient test result and the estimation model analysis value is considered to be significant because it is within the tolerance.
Validation of shear strength estimation model
To validate the statistics-based estimation models (SEMs) for estimating shear strength with cohesion and internal friction angle for the gneiss soil, this study analyzed the results of the estimation model and the soil physical test on 11 sample soils from landslide areas and 8 samples from non-landslide areas.
Furthermore, for the estimation model for the granite soil, 18 sample soils from landslide areas and 14 sample soils from non-landslide areas were verified using the same method. Results on non-landslide areas were about 91.9% for cohesion and about 85% for internal friction angle.
As a result of verifying the significance of the estimation model developed with RMSE as shown in Table 7 , the root of mean square error of the soil test result and the estimation model analysis value is considered to be significant because it is within the tolerance.
Conclusion
In this study, the characteristics of landslide occurrences by different geological features were investigated, focusing on gneiss and granite areas that have undergone landslides. In addition, a statistics-based estimation models (SEMs) for landslide-triggering factor using soil physical properties were developed to estimate the permeability coefficient and shear strength with cohesion and internal friction angle of different geological weathered soils that affect landslides.
The occurrence of landslides is directly affected by the large porosity and small density characteristics of the soil material because soils in landslide areas have the poor soil particle size distributions and the loosed ground conditions. Therefore, soils with large porosity and small density are relatively more vulnerable to landslides under the same geological conditions.
As a result of analyzing the correlations between the soil parameters of gneiss and granite areas, the permeability coefficient has a significant correlation with the void ratio, the effective diameter, and the uniformity coefficient, and shear strength has a significant correlation with fine-grain content, uniformity coefficient, saturation, dry density, and void ratio.
Based on this, the statistics-based estimation models (SEMs) that can easily calculate the permeability 
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